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1. Overview of Technological
Measures for Carbon Neutrality

Image of Primary Energy in Japan
for Net Zero Emissions
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【Domestic primary energy supply】
Energy saving or Reduction
in embodied energy of goods/services
(incl. Society 5.0)

CCU: CO2 Capture and Utilization
CCS: CO2 Capture and Storage
BECCS: Bioenergy with CO2 Capture and Storage
DACCS: Direct Air CO2 Capture and Storage
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 The combination of
several kinds of
technologies is required.
 All of the technologies
have roles and challenges,
and large uncertainties.
Development of several
scenarios is necessary for
considerations on carbon
neutrality.
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Several opportunities to achieve CN: IPCC AR6
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Fig. SPM.5

“The deployment of CDR to counterbalance hard-to-abate residual emissions is unavoidable
if net zero CO2 or GHG emissions are to be achieved.” (SPM C.11)
In all scenario except Low Demand scenario, residual CO2 emissions remain even for net zero GHG
emissions thanks to CDR.

Net zero emissions by synthetic methane
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Source) Authors modified from the figure provided by Osaka Gas (2022)

 Although synthetic methane emits CO2 in the combustion process, the CO2 is a recovered one which
was supposed to be released into the air, and therefore synthetic methane is an energy source of net
zero emission. It is one of the energy sources of green hydrogen (or renewable energy).
 Even under the CN, residual emissions from hard-to-abate sectors will remain in many scenarios due
to the contribution of CDR, and CO2 from fossil fuels will be available. When CO2 from fossil fuels is
limited, CO2 from bioenergy and DAC can be utilized for methanation.
 The attribution of CO2 emissions is an important issue for deployments of synthetic methane.

2. Model and Assumed
Scenarios

Energy Assessment Model: DNE21+
(Dynamic New Earth 21+)
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♦

Systemic cost evaluation on energy and CO2 reduction technologies is possible.

♦

Linear programming model (minimizing world energy system cost; with 10mil. variables and
10mil. constrained conditions)

♦

Evaluation time period: 2000-2100
Representative time points: 2005, 2010, 2015, 2020, 2025, 2030, 2040, 2050, 2070 and 2100

♦

World divided into 54 regions
Large area countries, e.g., US and China, are further disaggregated, totaling 77 world regions.

♦

Interregional trade: coal, crude oil/oil products, natural gas/syn. methane, electricity, ethanol,
hydrogen, CO2 (provided that external transfer of CO2 is not assumed in the baseline)

♦

Bottom-up modeling for technologies on energy supply side (e.g., power sector) and CCUS

♦

For energy demand side, bottom-up modeling conducted for the industry sector including steel,
cement, paper, chemicals and aluminum, the transport sector, and a part of the residential &
commercial sector, considering CGS for other industry and residential & commercial sectors.

♦

Bottom-up modeling for international marine bunker and aviation.

♦

Around 500 specific technologies are modeled, with lifetime of equipment considered.

♦

Top-down modeling for others (energy saving effect is estimated using long-term price elasticity.)

•
•

Regional and sectoral technological information provided in detail enough to analyze consistently.
Analyses on non-CO2 GHG possible with another model RITE has developed based on US EPA’s assumptions.
•

Model based analyses and evaluation provide recommendation for major governmental policy making on
climate change, e.g., cap-and-trade system and Environmental Energy Technology Innovation Plan, and
also contribute to IPCC scenario analysis.

Integration Cost of VRES: integration with a
Power Generation Mix Model by Univ. of Tokyo and IEEJ
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♦ As DNE21+ is a global model and not suitable for the analysis regarding internal power grid and regional

conditions of renewable energy, it applies the results of the study on the assumption of integration cost under
high VRE penetration based on an optimal power generation mix model, by Fujii-Komiyama Laboratory, the
University of Tokyo and the Institute of Energy Economics, Japan.
♦ Temporal fluctuation of VRE output is modeled based on nationwide meteorological data, e.g., AMeDAS, to
estimate the optimal configuration (power generation and storage system) and the annual operation by linear
programming.
♦ Calculated with hourly modeling by 5 divided regions (Hokkaido, Tohoku, Tokyo, Kyushu and others).
Prerequisites for power generation cost, resource constraint, etc, are defined in line with DNE21+.
Considered in modeling・・・ Output control, power storage system (pumped hydro, lithium-ion battery and hydrogen storage),
reduction of power generation facility utilization, inter-regional power transmission lines,
electricity loss in storage and transmission
Not considered in modeling・・・ Intra-regional power transmission lines, power grid, influence of a decrease in rotational inertia,
grid power storage by EV, prediction error of VRE output, supply disruption risk during dark doldrums
Grid integration costs approximated from the analysis of the Univ. of Tokyo – IEEJ
power generation mix model＝Assumption on grid integration costs in DNE21+
(Marginal cost when each implementation share is realized）
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As the VRE ratio increases, marginal
integration costs tend to rise relatively
rapidly.
This is because under the
circumstance where a large amount of VRE
has already been installed, if it is further
installed, it will be required to maintain an
infrequently used power storage system or
transmission line to deal with the risk that
cloudy weather and windless conditions will
continue for several days or more.
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Assumptions on the costs and potentials of solar PV in 2050
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Assumed Scenarios on Methanation
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Conversion efficiency
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(e.g., SOEC)

2020

2030

2050

2100

64%

69%

74%

85%

69%

74%

85%

69%

85%

85%

2020

2030

2050

2100

Standard

479

345

207

207

Innovative

479

345

147

147

Standard

606

473

335

335

Innovative

606

438

186

186

Standard
Standard
Innovative

64%

Facility cost [million US$/(ktoe/day)]
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Note:
Water electrolysis: Electricity→Hydrogen
Innovative methanation: Electricity→Synthetic methane (excluding energy input or facility costs for CO2 capture)

Overview of Assumed Scenarios
Case

Technology assumption

[1] Domestic
methanation

Domestic production of synthetic methane will be economically
implemented due to the assumed conditions of no imports of
synthetic methane.
Import of synthetic methane from overseas is a major
methanation option.
Larger potentials for CDR will help to offset domestic CO2
emissions in the sectors which have high emission reduction
costs, thanks to larger potentials to transport captured CO2 to
overseas as well as domestic CO2 storage.

[2] Oversea
methanation
[3] Mixed
measures of
CCUS
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CO2
DAC
transport to
overseas
No
Yes
No

Yes

Yes

Yes

No

[4] LNG-CCU
cycle

DAC is not available, and CO2 storage potentials are smaller than No
those in other scenarios (maximum potentials of annual domestic
CO2 storage in 2050 is less by 20% compared with those in other
scenarios). Importance of recycling CO2 could be increased.

[5] hydrogen
use

No

Yes

No

Yes

No

Yes

15% of hydrogen can be supplied by the existing city gas
pipelines. 85% of total city gas consumptions should be supplied
by hydrogen.
[6] New
85% of total city gas consumptions should be supplied by
hydrogen
hydrogen through new hydrogen infrastructure including
infrastructure pipelines.
[7] Deep
Building and transport sectors should be fully electrified.
electrification

Scenario Assumptions on Technologies
Case

Reference

VRE costs

Standard

[1] Domestic
methanation
[2] Oversea
methanation
[3] Mixed measures
of CCUS
Low cost
[4] LNG-CCU cycle
[5] hydrogen use
[6] New hydrogen
infrastructure
[7] Deep
electrification

Hydrogen
production
costs
Standard

Hydrogen
production
costs, such as
water
electrolysis
and hydrogen
liquefaction
facility costs:
halved

Standard
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Methanation
costs

Conditions for CCUS
(Potentials of CO2 storage and
export, DAC)

Standard

Storage in Japan：max. 91 MtCO2/yr,
CO2 transport to overseas: 235
MtCO2/yr
Storage in Japan：max. 91 MtCO2/yr,
CO2 transport to overseas：0
MtCO2/yr

Innovative
methanation：
higher
efficiency
improvements
+ facility cost:
halved

Standard

Storage in Japan：max. 91 MtCO2/yr,
CO2 transport to overseas: 91
MtCO2/yr
Storage in Japan：max. 91 MtCO2/yr,
CO2 transport to overseas：0
MtCO2/yr,
DAC: Not available
Storage in Japan：max. 91 MtCO2/yr,
CO2 transport to overseas：0
MtCO2/yr

Global emissions of baseline and 1.5 °C scenario
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The global emission pathway which is
consistent with below 1.5 °C, and net zero GHG
emissions by 2050 for Japan, US, EU, and UK
are assumed in this model study.
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3. Results

CO2 marginal abatement cost, energy system cost,
and marginal cost of electricity in 2050: Japan
Case

CO2 marginal
abatement cost
[$/tCO2]

No climate policy scenario

ー

Energy system cost*1
[billion US$/yr]

Marginal cost of
electricity
[US$/MWh]*2

ー

108

Reference

525

1179

[+193]

221

[1] Domestic methanation

1883

1079

[+228]

218

[2] Oversea methanation

787

1050

[+199]

183

[3] Mixed measures of
CCUS

478

1012

[+161]

183

[4] LNG-CCU cycle

16

Infeasible

[5] hydrogen use

1580

1055

[+203]

184

[6] New hydrogen
infrastructure

1815

1055

[+203]

184

[7] Deep electrification

752

1116

[+265]

201

*1 Numbers in red bracket are changes from the no climate policy scenario.
*2 The marginal costs include grid integration costs. The electricity marginal cost from model estimation in 2020 is 123 US$/ MWh.

Primary Energy Supply in Japan in 2050
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Coal w/o CCUS

2050

 Imports of synthetic methane are large and around 30 Mtoe/yr in the case [2] and [7]. For the case
[7], even under the deep electrification case, syn. methane is used for industrial uses and power
generation including CGS.
 Imports of hydrogen and ammonia are large and around 116 Mtoe/yr in the case [1]. Domestic
productions of syn. methane and syn. liquid fuels are supplied largely by VRE, and alternatively
larger amounts of hydrogen and ammonia imports can be estimated for grid electricity supply.

Electricity Supply in Japan in 2050
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2050

In the cases which assume smaller potentials of CO2 storage, fossil power with CCS is limited.
In the case [1], larger amounts of VRE will be needed for domestic prod. of syn. methane and syn. liquid fuels.
In cases [2], [3], and [7] which assume no CO2 transport to oversea, synthetic methane power generation with CCS
also an economical option in Japan.

Final Energy Consumption in Japan in 2050
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Solid fuel: biomass

[7] Deep electrification

[6] New hydrogen
infrastructure

Solid fuel: coal

[5] hydrogen use

[3] Mixed measures
of CCUS

[2] Oversea
methanation

[1] Domestic
methanation

Reference

No climate policy

Scenario [3]

[4] LNG-CCU cycle

infeasible

Liquid fuel: oil

50

0

Share of electricity [%]

40

No climate policy

Final energy consumption [Mtoe/yr]

250

200
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0

Share of electricity
(Right axis)

In the reference which assumes standard cost reductions in VRE, natural gas will play a major role for gaseous fuels
even for the CN, thanks to CDR such as DACCS.
In all of the scenarios for the CN in 2050, syn. methane is an economical option. Particularly in the cases which do
not assume CO2 transport to oversea, large amounts of syn. methane and synthetic liquid fuels will be introduced.
In the cases [5] and [6], due to lower distribution costs of hydrogen, larger direct uses of hydrogen are economical.

Hydrogen Balances in Japan in 2050
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Marginal price of CIF
$/toe
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2050 process such as SOEC is economical, and hydrogen input for methanation cannot be observed.
Note) Domestic methanation through the assumed innovative



In all of the cases, major hydrogen uses are for steel productions. In the case [1], a large amount of hydrogen
consumptions for synthetic liquid fuel productions are also seen.

CO2 Balances in Japan in 2050
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[7] Deep electrification

[6] New hydrogen
infrastructure

[5] hydrogen use

[4] LNG-CCU cycle

[3] Mixed measures
of CCUS

-250

[2] Oversea
methanation

-200

[1] Domestic
methanation

CO2 capture, storage and utilization [MtCO2/yr]
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Storage/
utilization

In the cases which assume smaller potentials of CO2 storage, CO2 storage for negative emissions technologies,
such as DACCS and BECCS, are used with a high priority. In the case [3] which assumes larger potentials of CO2
storage, CCS for coal as well as for gas will be economical.
In the case [1], CO2 for methanation is captured from DAC or bioenergy (CO2 from fossil fuel combustions cannot be
observed), because the residual emissions in Japan are limited in this case.

Synthetic Methane Balances in Japan in 2050
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$/toe

2939

1396

1383

ー

1375

1393

1424

JPY/Nm3

320

152

151

ー

150

152

155

40

10
0



Supply
Import
Innovative methanation technology
Existing methanation technology

Demand

-10
-20

[7] Deep electrification

[6] New hydrogen
infrastructure

[5] hydrogen use

[4] LNG-CCU cycle

[3] Mixed measures
of CCUS

[2] Oversea
methanation

-30
-40



Supply

infeasible

20
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Demand
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CGS (Industry)
CGS (Commercial)
CGS (Residential)
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Other industry
Road transport
Other transport
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2050
In case [1], about 24 Mtoe/yr of synthetic methane
productions through innovative methods such as SOEC in Japan
is economical in 2050. Due to differences in costs and potentials of renewables in between Japan and other countries,
most of synthetic methane supplies are from overseas in other cases.
In cases [2], [3], and [7] which assume no CO2 transport to oversea, synthetic methane power generation with CCS is
also an economical option in Japan.

4. Discussions and Conclusion

Discussions
♦

♦

♦
♦
♦

♦

♦
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In the reference case which assumes standard cost reductions in VRE and larger
potentials of CO2 storage, LNG without CCS plays a large role even under the CN,
thanks to CDR such as DACCS. Syn. methane plays a complementary role.
In the case [1] (domestic methanation), large amounts of synthetic methane
production require large amounts of domestic VRE supplies, but the total energy
system costs will greatly increase due to high costs of domestic VRE. It will be a
realistic way to use domestic syn. methane complementary.
In the case [2] (oversea methanation), large amounts of syn. methane uses in
various sectors and lower costs for the CN can be estimated.
In the case [3] (mixed measures of CCUS), more economical systems than those in
the case [2]. Large amounts of syn. methane can be observed also in this case.
CO2 recycle by using LNG (the case [4]) were infeasible for the CN. Continuous
LNG uses without CO2 storage are not realized under the CN. If CO2 recycle
systems are achieved, imports of hydrogen rather than LNG are required.
Under lower constraints on hydrogen distributions (the cases [5] and [6]), direct
hydrogen uses will be able to play an important role. Our analyses under the
standard cases, syn. methane will be more cost-effective than direct hydrogen
uses in end-uses generally, but so far several options will be needed.
In the case [7] (deep electrification), complete electrification systems will need
higher costs particularly under large social constraints on nuclear power.
Balanced energy supply systems including syn. gas will be important.

Conclusion
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♦ The world is seeking possible pathways to achieve below 1.5 °C, and

the Government of Japan set the ambitious goal of carbon neutrality
by 2050.

♦ The latest IPCC report shows several pathways to achieve CN with

different amounts of dependences on CDR and other technologies.

♦ CDR such as BECCS and DACCS could contribute to the achievement

of CN with lower costs and to allow a part of the existing
infrastructure.

♦ Synthetic methane, a one of the hydrogen uses, could also contribute

to the achievement of CN with lower costs by utilizing a part of the
existing infrastructure.

♦ For global deployments of synthetic methane (also synthetic liquid

fuels) contributing to achievement of CN, it will be important to
develop appropriate international frameworks to stimulate it.

Appendix

GHG Emissions by Sector in Japan in 2050
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1200
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800
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600
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400

Domestic aviation

infeasible

200

Road transport
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0
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-200
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2015

2030

[7] Deep electrification

[6] New hydrogen
infrastructure

[5] hydrogen use

[4] LNG-CCU cycle

[3] Mixed measures
of CCUS

[2] Oversea
methanation

[1] Domestic
methanation

Reference

No climate policy

Scenario [3]

Iron & Steel

-400

No climate policy

GHG emissions [MtCO2eq/yr]

1000

2050

 In the reference and [3] cases which assume CO2 transport to oversea, larger contributions
of DACCS to offset residual emissions can be observed.

